The study presents a selection of numerical and experimental results of producing hollow stepped shafts. The first part of this study describes the advantages of using hollow parts in machine design and discusses the main fields of their applications. Next, an innovative rotary compression method for producing stepped axes and shafts is proposed. In order to estimate the technological potential of rotary compression, we performed comprehensive numerical and experimental analyses of producing hollow stepped shafts by this new technique. First, the rotary compression process for hollow parts was modeled numerically by the finite element method. The 3D modeling was made using the Simufact Forming software. The numerical results were then verified by experimental tests conducted under laboratory conditions. The experiments were performed using a machine designed by the authors of the present study. The following variables were investigated in the experiments: the effect of billet wall thickness on the process, the quality and geometry of products, and variations in loads and torques. The experimental results confirm that rotary compression can be used to produce hollow stepped shafts with a wide range of thicknesses.
Introduction
Hollow shafts and axles are nowadays widely used in automotive, aircraft, and machine-building industries [1] . The popularity of hollow parts predominantly stems from the fact that they have high strength properties, comparable to those of solid parts (usually under bending and twisting loads), while their weight is lower. As a result, machines comprising hollow parts are lightweight and thus less energy consuming and more environment friendly (due to reduced fuel consumption and emissions).
Rotary compression is a method which can be used for producing axisymmetric hollow shafts and axles. This method consists in rotational reduction of a hollow billet (tube or sleeve) by three tools (rolls) which rotate and translate toward the workpiece axis (Fig. 1 ). The tools have the shape of stepped rolls, and their profile corresponds to the shape of the shaft to be formed. Due to the rotary action of the tools, the outside diameter of shaft steps is successively reduced. This is accompanied by an increase in wall thickness of the workpiece, which is desired due to strength and often constructional reasons.
Rotary compression is a new and hence not yet wellinvestigated process for manufacturing hollow stepped shafts. What has been determined so far is the set of variables that can affect this process. The variables which have an influence on the rotary compression process include the ratio of the linear velocity of the rolls to their rotational speed, v/n, and the reduction ratio, δ, defined as δ=D/d (D-initial diameter, d-diameter after reduction). An increase in the v/n ratio leads to a higher wall thickness and smaller elongation of the product. On increasing the reduction ratio δ, the length and wall thickness of the workpiece increase too [2] .
There are several metal forming methods for producing hollow shafts. Hollow parts are usually manufactured by rotary forging, upsetter forging, extrusion and welding, flow forming, and hydroforming [3] [4] [5] [6] [7] . Research is also conducted to investigate if hollow shafts can be produced by cross wedge rolling (CWR) [8] . Recent developments in such innovative forming methods as spin extrusion and rotary compression confirm that the issues of forming hollow stepped shafts are still relevant today [9, 10] . However, the aforementioned methods for producing hollow shafts require using sophisticated machines or performing more operations [11] . An alternative technique for producing hollow parts is rotary compression. Given that rotary compression is a new technique for manufacturing hollow parts, it is crucial to conduct basic research in order to verify the suitability of this process for metal forming.
Wall thickness of a hollow billet holds crucial importance in processes for manufacturing hollow parts. The results reported by Bartnicki in [12] demonstrate that the smaller the wall thickness of the hollow billet used in CWR, the more likely the risk of uncontrolled slipping and product crushing is. The production of hollow parts by CWR with flat wedges is considerably limited by the potential occurrence of uncontrolled slipping that can cause crushing of the shaft step being formed [13, 14] . The CWR process for hollow parts runs more smoothly if an internal mandrel is applied [15] , which is confirmed by the results of the research conducted by Neugebauer. The stability of the CWR process for hollow parts is also higher when three rolls are applied [16] . The main limitation of CWR by three rolls is the diameter of the rolls, as it cannot exceed the limit value. In effect, this means a shorter length of the roll wedge. Consequently, the spreading angle becomes higher, which not only leads to substantial wall thinning but also poses the risk of workpiece axial failure [17] . Taking the above into consideration, a rotary compression technique free from the failure modes which occur in the conventional CWR was developed [18, 19] . It must be noted that the previous research on the CWR process for hollow parts mainly focused on producing shafts with simple shapes. However, there are no studies on CWR for multi-stepped hollow shafts. The studies made by Ji et al. demonstrate that the accuracy of the CWR process for hollow shafts depends on values of angles characterizing tool geometry. The research conducted by Ji et al. also investigated the process for a hollow shaft with a simple shape [20] . The rotary compression technique has been verified in this respect, and the results are reported in [21] . A stepped shaft produced in these experiments is shown in Fig. 2 . To describe this process better, it is crucial to determine the significance of initial wall thickness of a billet in rotary compression. Hollow parts can be manufactured by upsetter forging from both solid and hollow billets. When hollow billets are used, one can distinguish three types of forming where billet wall thinning occurs: external upsetting, internal upsetting, and external-internal upsetting [22] . What limits the upsetting process for tubes is the maximum wall thickness ratio in one pass defined as wtr=t 1 /t o (wtr-the wall thickness ratio, t 1 -the wall thickness after upsetting, t o -the initial wall thickness). The maximum allowable wall thickness ratio wtr is in external upsetting wtr=1.5, in internal upsetting wtr=2; in externalinternal upsetting wtr=1.5 [23] .
In the rotary forging process for producing hollow shafts from hollow billets, the thickness of the workpiece wall increases compared to the initial thickness of the billet [1] . The higher the reduction ratio is, the higher the wall thickness of the workpiece becomes. To produce a part with a constant wall thickness, rotary forging is performed with the use of an internal mandrel. The extent of changes in wall thickness in rotary forging also depends on initial wall thickness of the billet. If the billet wall thickness is higher, the growth in wall thickness of the workpiece is smaller in open-die forging [24] .
Initial thickness of a workpiece wall is a significant variable in the hydroforming process. A higher initial wall thickness of the hollow workpiece leads to a higher internal pressure, which is responsible for material deformation. What can also occur in the hydroforming process is a phenomenon of local wall thinning which can cause workpiece failure [25] . For this reason, initial wall thickness is an important variable in the hydroforming process. This variable should be set so as to maintain the internal pressure minimal and prevent excessive thinning of the workpiece wall.
Given that there are no data about the impact of wall thickness of a hollow billet in rotary compression, this paper investigates the impact of initial thickness of the billet wall, t o , on the realization and stability of the rotary compression process.
Object of the analysis
Most stepped axes and shafts used in machine design are characterized by a relatively small difference in the diameters of the adjacent steps (D/d) [26] . For the reasons of strength, this parameter is usually set to 1.5 or even lower. Given the above, in the present analysis, the reduction ratio of the end steps of the stepped shafts to be produced was defined as δ=D/ d and set to 1.5. In addition, it was assumed that the steps would be formed by hot rotary from semifinished products-sections of commercial tubes with a different initial wall thickness, t o , that was 4, 5, 7, 9, and 11 mm, respectively. The shape and dimensions of the billet and shafts to be produced are shown in Fig. 3 .
Numerical modeling of rotary compression
First, the rotary compression process for hollow shafts was modeled numerically. The modeling was made by the finite element method (FEM) using the simulation software Simufact Forming v. 12.0, which had previously been used by the present authors to investigate rotary metal forming processes. One of the geometrical models created for the purposes of the investigation is shown in Fig. 4 . The model comprises three identical tools (shaping rolls) and a workpiece (C45 steel tube with the outside diameter D=42.4 mm, wall thickness t o , and length L=120 mm) that was modeled by eight-node elements of the first order. As already mentioned, the simulations were performed using tubes that had different initial wall thicknesses, t o ; they were: 4, 5, 7, 9, and 11 mm, respectively. The rigidplastic material model of C45 steel was obtained from the material database library of the simulation software applied [27] . It is defined as follows: T is the temperature (from 700 to 1250°C) ε is the straiṅ ε is the strain rate Prior to forming, the workpiece was heated over its whole volume to a temperature of 1150°C. During the forming process the temperature of the tools was maintained constant at 100°C. The rolls were rotated in the same direction with the same velocity, n, set to 36 rpm. At the same time, they were moving to the axis of the workpiece with the constant velocity v fixed at 3.0 mm/s. The material-tool contact surface was described by the constant friction model with the boundary value of the friction factor m set to 1 [28] . The heat transfer coefficient between the material and the tools was 25 kW/ m 2 K, while the material-environment heat transfer coefficient was set to 0.35 kW/m 2 K.
As mentioned above, in rotary compression, the tools are rotated in the same direction. At the same time, however, they move to the axis of the workpiece, which leads to the forming of the end steps of the shaft. After putting the tools in the required position corresponding to the required reduction ratio δ=1.5, which corresponded to the diameter of the steps being formed (d=29 mm), the translational motion of the rolls was stopped. As predicted, the reduction in the outside diameter of the workpiece was accompanied by the material's rapid radial flow (to the axis of the workpiece), which resulted in increasing the thickness of the workpiece in the tool-action regions ( Fig. 5 ). In addition, the metal underwent axial displacement in these regions, which increased the workpiece length. An analysis of the FEM-predicted effective strain distribution ( Fig. 5 ) reveals a significant lack of homogeneity of the results. It is also to be observed that the initial wall thickness has a profound effect on the magnitude of strains and their distribution pattern. Despite the fact that the reduction ratio was set the same in all investigated cases, we can observe that the strains and the discrepancies with regard to their distribution increase with increasing the thickness of the initial wall of the workpiece. More specifically, increasing the wall thickness from 4 to 11 mm leads to an over threefold increase in the effective strain at the same outside diameter reduction ratio. This is undoubtedly caused by the fact that a higher volume of the material is displaced in both radial and axial directions.
The performed numerical analysis demonstrates that the strains in rotary compression significantly differ with regard to their distribution in both cross and longitudinal sections of the shaft steps being formed. In all investigated cases, the distribution pattern of effective strains in these regions is ring-shaped ( Fig. 6 ). The material is most deformed in the layers that are close to the surface. However, the closer it is to the surface of the hole, the smaller the strains become. Typical of most rotational forming processes, this phenomenon is caused by the additional, circumferential strains produced on the material-tool contact surface by the friction forces. It must, however, be stressed that these strains do not alter the product geometry; they only increase the magnitudes of product geometry parameters. Also, it can be observed that the increase in the workpiece wall thickness leads to higher redundant strains in the region of the steps being formed. This can be attributed to higher deformation resistance values to the metal's radial flow that occur when forming shafts with thicker walls. This creates favorable conditions for increased slipping on the metal-tool contact surface and, consequently, the occurrence of additional strains. The forming of hollow parts poses a risk of excessive cooling of material due to much lower thermal capacity of such parts. If the temperature drop is too high, it can hinder the forming process and exert a negative effect on product geometry and strength. The application of numerical methods enabled determining the effect of the investigated forming method and initial wall thickness of the workpiece on thermal parameters of the said workpiece. The FEM-predicted temperature distributions in the final stages of rotary compression for hollow parts with different wall thicknesses are compared in Fig. 7 . As expected, the produced steps, especially those of the shafts with small wall thicknesses, have a tendency for considerable cooling and the temperature drops can be observed practically in their entire section. The temperature of such products drops even to approx. 700°C in the region of the steps being formed. When parts with thicker walls are formed, the temperatures have somewhat different distribution patterns. Here, the temperature drops occur locally, on the surface of parts. In these cases, the further it is from the surface layers that are in direct contact with the tools, the higher the temperature of the material is. Owing to such distribution pattern, heat losses in the surface layers can be compensated for and the temperature of the step being formed can be maintained high (at a level suitable for hot metal forming) for a relatively long time. It is worth noting that for all investigated thickness variants, the central steps of the shafts which do not undergo deformation retain their high temperatures which are slightly lower than the initial temperature to which the workpiece was heated. Obviously, the main reason for the temperature drops in the region of the steps is the fact that the workpiece is in contact with the much colder tools. It is, however, to be noted that despite a relatively long forming time (about 8 s), the temperature does not drop below 700°C, which can be explained by the fact that heat losses are compensated for by the deformation and friction that generate substantial amounts of heat. In this context, it should be emphasized that the rotary compression process for hollow parts with small wall thicknesses would be much more difficult to run due to excessive cooling of the material practically in the entire section of the step being formed. In effect, this will lead to lower plastic deformability of the material and, at the same time, to higher deformation resistance. This phenomenon often leads to cross-sectional defects, such as excessive ovalization of the steps.
When solid axisymmetric parts are produced by rotary compression, this can lead to internal cracking of the material, which mainly results from low-cycle fatigue [29] . In rotary compression for hollow parts, there is also a risk of material cracking owing to the cyclic variability of stresses during the reduction of the workpiece diameter. The risk of material cracking in the forming of hollow parts was estimated by means of the normalized Cockroft-Latham failure criterion expressed as follows [30] : where σ 1 is the maximum principal stress σ i is the effective stress φ is the strain C is the Cockroft-Latham failure criterion Determined with Eq. (2), the Cockroft-Latham criterion is compared with the experimental limit value.
The results (Fig. 8 ) demonstrate that these are the surface layers of the hole (in the regions of the steps being formed) that are most prone to cracking in the rotary compression process for hollow parts. The Cockroft-Latham criterion attains the maximum values in these regions. At the same time, it was found that the crack occurrence greatly depends on the initial thickness of the workpiece. It was found that the increase in thickness leads to higher values of the damage criterion. This can particularly be observed when producing parts made of billets with thicker walls (t> 7 mm), where the Cockroft-Latham criterion attains the maximum values (about 1.2) that exceed the limit values for typical constructional steel leading to cracking of the material [28] . It can, however, be observed that the range of the criterion's maximum values is narrow. These values are mainly concentrated in the nearsurface layers that often form the technological allowance to be removed in finishing.
Experimental tests of rotary compression for hollow stepped shafts
The numerical results were verified in experimental tests performed under laboratory conditions. The experiments were conducted using a forging machine that had been designed and constructed at the Department of Computer Modeling and Metal Forming Processes at the Lublin University of Technology ( Fig. 9 ). With this machine, the experimental tests of the rotary compression process could be run in compliance with the scheme followed in the numerical simulations. Made up of modules, the machine for rotary compression consists of a frame-1, a power unit-2, a gear box-3, a system of rolls-4, a hydraulic power system of the rolls-5, a control and power system -6, and a set of measuring instruments -7.
The rotary compression was performed by the system of the rolls, consisting of three radially moving slides and three working rolls mounted on the said slides. The translational motion of the slides was synchronized, so that the displacement of the tools was identical during the forming process. The forces and kinematic parameters in the rotary compression process were measured using the measuring system consisting of a torque converter, a displacement sensor, and The experiments were performed on C45 steel commercial tubes that had the same dimensions as in the FEM modeling. Each tube was first heated in an electric chamber furnace to a forming temperature of approx. 1150°C and then fed with the pliers into the machine's working space. Next, the workpiece was set in motion by the rolls which moved radially (relative to the axis of the workpiece) at the constant velocity v=3 mm/ s and were rotated in the same direction at the velocity n= 36 rpm. As a result, the diameters of two end steps of the shaft were reduced. Once the slides travelled the length corresponding to the required diameter reduction (δ=D/d=1.5), the translational motion was automatically stopped and the sizing of the workpiece shape was undertaken during further revolution of the rolls. In the final stage of the process, the tools opened in a radial manner (Fig. 10a) , and the produced part ( Fig. 10b) was ejected from the machine in a special feed device.
The parts produced in the experiments were subjected to free cooling in ambient air. Following their cleaning, the produced parts were inspected and measured.
The primary objective of the experimental tests was twofold: first, to confirm whether rotary compression was a viable method for forming hollow stepped shafts and, second, to verify the FEM numerical models. The technological assumptions were verified based on the estimation of the geometry of produced parts, process stability, and force parameters. The experimental results unanimously confirm that hollow stepped shafts can be produced from tubular billet by the rotary compression technique. The shafts produced in the experimental tests are shown in Fig. 11 .
The experimental results (with regard to the shape and dimensions of parts) show a good agreement with both theoretical assumptions (regarding the designed shape of parts) and the numerical results. Both the experimental and numerical results of rotary compression for hollow parts demonstrate that workpiece thickness increases due to axial flow of the material in the tool-action zone. It can also be observed that the length of all parts increases compared to the initial length of the billet, which results from the axial displacement of the material that occurs in the region of the end steps. Nonetheless, it should be stressed that the high agreement between the experimental and numerical results regarding the geometry of produced parts unanimously confirms that the theoretical assumptions and the designed FEM models were correct.
As already mentioned, the reduction of the outside diameter of the end steps of the shaft leads to higher thickness owing to the material's radial flow. The length of the workpiece increases too due to axial flow of the material in the region of the reduced steps. Interestingly, the rates of increase in the workpiece thickness and length are closely related with the initial thickness of the billets applied. As can be seen in Fig. 12 , the thicker the initial thickness of the workpiece is, the lower the rate of increase in thickness and the higher the rate of increase in length. The results of the experiments for the largest thickness billet reveal that the wall of the workpiece becomes thinner compared to its initial value. A comparison of the numerical and experimental results reveals that there the produced shafts differ in terms of their dimensions. When the shafts are produced from tubes with thicker walls, the experimental results reveal a much smaller increase in thickness and a much higher increase in length compared to the numerical results. These differences probably result from the fact that it was difficult to maintain thermal conditions identical in the experiments and numerical modeling. Presumably, the high temperature drop that occurred in the experiments caused higher deformation resistance to flow, which-in turn-hindered the radial flow of the material, hence increasing the elongation of the end steps of the shaft. The kinematics of material flow is also greatly affected by the friction forces on the workpiece-tool contact surface. In the FEM modeling, the limit value of the friction factor m was set to 1 [28] . In the experiments, however, the friction factor can be set to a lower value, so the friction forces will be lower too, which will facilitate the axial flow of the material in the surface layers of the steps.
The results of the majority of investigated cases demonstrate considerable variations in wall thickness of the formed steps. What is more, the variations exhibit similar distribution patterns. Figure 13 shows the wall thickness distribution in the shafts produced from tubes with the initial wall thickness t o = 7 mm. The wall is thickest in the central regions of the formed steps. Then, the closer it is to the frontal surfaces and the central step of the shaft (one that is not reduced), the wall thickness gradually decreases. This is caused by the impact of the friction forces on the surface layers of the workpiece during axial flow of material in these regions. Based on the data given in this figure, we can also identify regions where the wall thickness becomes smaller. Predominantly, these regions are located in the vicinity of the surfaces perpendicular to the steps, and they are formed when the metal flows on the surface of the workpiece. A considerable thinning of the workpiece wall can also be observed in the regions between the steps and the part of the shaft that does not undergo deformation. This phenomenon can have a negative effect on the strength properties of machine components that comprise such shafts. The wall thinning phenomenon can be explained by the fact that the kinematics of material flow varies in the regions between the steps. Here, apart from material reduction due to action of the tools, the workpiece also undergoes elongation, which leads to a decrease in thickness of the workpiece wall. The corner radii of the tools have a significant effect on the magnitude of wall thinning in these regions. It was observed that the higher these radii are, the lower the rate of decrease in the wall thickness of the workpiece. Consequently, it is recommended that the highest possible radii be applied between the steps of the shaft in order to minimize the negative effects of material elongation. The wall thickness distribution pattern illustrated in Fig. 13 is characteristic of the shafts produced from tubes whose relative wall thickness (t/D) is lower than 0.25. However, in the rotary compression of hollow parts with thicker walls (t/D>0.25), the resistance values to radial flow are so high that the metal flows mainly over the surface in the axial direction, which considerably increases length of the end steps of the shaft. This leads to the thinning of the workpiece wall (compared to its initial thickness) practically in the entire region of the steps, with a slight increase in thickness of the wall near the surfaces that are perpendicular to the undeformed (central) step (Fig. 14) .
The application of the rotary compression method in industrial conditions greatly depends on the magnitude of forming forces. Very often, the research on innovative forming processes is given up very early due to insufficient strength, rigidity, or durability of tools, which-in turn-results from excessive loads or inadequate tool design. The size and power of machines used in forming processes also depend on the magnitude and type of forces that reflect deformation resistance to material flow. For this reason, the present experiments involved estimating the effect of loads and torques on the rotary compression process. We also examined the effect of wall thickness in the shafts being produced on the variations in loads and torques. Based on the results of radial loads and torques given in Figs. 15 and 16 , it can be claimed that the new rotary compression technique can be applied in industrial conditions. The maximum values of radial loads and torques do not exceed the capacity of the machine used in the experiments. Obviously, higher thickness of the workpiece wall leads to higher radial loads and torques. In all cases, however, the increase in loads and torques follows a similar pattern. As can be seen in Figs. 15 and 16 , the loads and torques rapidly increase at the onset of the forming process, which is caused by the sinking of the tools into the material and gradual reduction of the outside diameter of the end steps. The increase in the loads and torques also results from the drop in the material's temperature and higher relative thickness of the workpiece wall (t/D) in the region of the reduced steps. In all investigated cases, the loads and torques are highest when the position of the tools corresponds to the required reduction in the outside diameter. After that, we can observe a relatively rapid drop in the loads and torques. This marks the final stage of the process, i.e., sizing, when the rolls are only rotated to remove shape inaccuracies of the formed steps. A comparison of the FEM and experimental variations in the loads and torques reveals that they differ, both in terms of their maximum values and distribution patterns. It can be observed that in the forming of parts with smaller wall thicknesses (t/D <0.16), the experimental loads and torques are higher than those predicted by FEM. The observed differences probably result from the discrepancies between the real thermal conditions and the theoretical ones. When forming parts with smaller wall thicknesses, the material cools faster compared to the numerical model, which makes the loads and torques increase. This observation is confirmed by much less significant differences in the loads and torques that were observed for parts with thicker walls. The thermal capacity of such parts is higher, so their temperature remains relatively high too, which ensures better plastic deformability of the material.
Interestingly, at the beginning of the rotary compression process, the FEM-predicted and experimental distributions of force parameters are similar. A sharp difference can only be observed in the final stage of forming, i.e., sizing. Here, the experimental loads and torques decrease much more slowly compared to the FEM results. This results from the fact that the workpiece surface layers cool here more rapidly than predicted by the numerical model. In effect, the shape defects (mainly cross-sectional ovalization of the formed steps) are removed at higher material flow resistance, which affects the radial loads and torques.
Summary and conclusions
The numerical and experimental results reveal the significance of the initial thickness of billet wall, t o , in the rotary compression process. Based on these findings, the following conclusions have been made:
& With higher initial thickness of the workpiece wall, the elongation of the steps increases, while the wall thickness growth decreases. & The forming of thin-walled parts is characterized by a rapid flow of metal in the radial direction. In the forming of thick-walled parts by rotary compression, the material flows on the workpiece surface in the axial direction.
& The increase in wall thickness of the workpiece leads to higher redundant strains in the surface layers of the formed steps. & The new forming method for hollow parts can cause the superficial cracking of the hole wall. The risk of material cohesion loss is much higher with thick-walled billets. & It is recommended that the largest possible corner radii be applied between the steps of the shafts. & Higher wall thickness of the workpiece leads to higher radial loads and torques. & It is recommended that further research be performed to examine the relationships between the process variables and the quality and properties of produced parts. & It is justified that further research on rotary compression be conducted to investigate its application to the production of hollow parts with teeth and worms.
Summing up, hollow stepped shafts can be manufactured by the rotary compression technique. It should be stressed that the results demonstrate that stepped shafts can be produced by rotary compression from hollow billets in a wide range of wall thicknesses.
